The PE and PPE (PE/PPE) multigene families of Mycobacterium tuberculosis are particularly GC-rich and share extensive homologous repetitive sequences. We hypothesized that they may undergo homologous recombination events, a mechanism rarely described in the natural evolution of mycobacteria. To test our hypothesis, we developed a specific oligonucleotide-based microarray targeting nearly all of the PE/PPE genes, aimed at detecting signals for homologous recombination. Such a microarray has never before been reported due to the multiplicity and highly repetitive and homologous nature of these sequences. Application of the microarray to a collection of M. tuberculosis clinical isolates (n ‫؍‬ 33) representing prevalent spoligotype strain families in Tunisia allowed successful detection of six deleted genomic regions involving a total of two PE and seven PPE genes. Some of these deleted genes are known to be immunodominant or involved in virulence. The four precisely determined deletions were flanked by 400-to 500-bp stretches of nearly identical sequences lying mainly at the conserved N-terminal region of the PE/PPE genes. These highly homologous sequences thus serve as substrates to mediate both intergenic and intragenic homologous recombination events, indicating an important function in generating strain variation. Importantly, all recombination events yielded a new inframe fusion chimeric gene. Hence, homologous recombination within and between PE/PPE genes likely increased their antigenic variability, which may have profound implications in pathogenicity and/or host adaptation. The finding of high prevalence (ϳ45% and ϳ58%) for at least two of the genomic deletions suggests that they likely confer advantageous biological attributes.
The mycobacterial genome contains two large gene families encoding acidic or asparagine-or glycine-rich proteins, referred to as PE and PPE proteins (14) . In Mycobacterium tuberculosis strain H37Rv, PE (n ϭ 99) and PPE (n ϭ 68) genes were found to be scattered throughout the whole genome, accounting for approximately 10% of its coding capacity. Both families are characterized by their high GC content and extensive repetitive homologous sequences. Much of these characteristics is associated with the two major subgroups, PE_PGRS (n ϭ 61) and PPE-MPTR (n ϭ 23) (9, 14, 23) . Expansion of the mycobacterially restricted PE/PPE gene families, most likely through gene duplication, appears to have accompanied the evolutionary history of tubercle bacilli, being linked to the duplication of the ESAT-6 gene clusters (23) .
PE/PPE genes are strongly suspected to be involved in several aspects of host-pathogen interactions, such as antigenic variability, virulence, and persistence of the bacillus (4, 8, 13, 15-17, 40, 41, 43, 45) . Their surface-exposed domains are also involved in the shaping of the bacterial cell structure (16) . Some contiguous PE and PPE genes were shown to be capable of forming heterodimers which are secreted and thought to play a role in signal transduction (44, 49) .
Considerable sequence polymorphism has been reported for several members among the 168 PE/PPE genes (14, 19, 21, 22, 25, 26-28, 34, 46, 47) . These multigene families thus appear to be the major contributors to the genetic diversity of M. tuberculosis, an organism assumed to have a relatively invariable genome (14) . Aside from single nucleotide polymorphisms, a frequent number of deletions have been reported within PE/PPE genes. Since these multigene families are enriched in homologous sequences and occur mostly as a cluster of several contiguous members throughout the genome, they might represent an optimal environment for homologous recombination. Hence, deletions between these homologous sequences might be a potent indicator of the occurrence of recombination in M. tuberculosis.
Detection of deletions associated with PE/PPE genes is difficult, as their particular structure is incompatible with hybridization-based strategies such as microarrays. The difficulties encountered in interpreting hybridization signals associated with PE/PPE genes have been highlighted in many studies (29, 38, 48) . In addition, validating alterations within PE/PPE genes by PCR amplification is inherently difficult due to their high GϩC content and richness in repetitive sequences. In fact, deletions in PE/PPE genes have mostly been inferred from comparative genomics (19, 22, 25) or fortuitously identified as part of a larger deletion event (6, 21, 31, 36, 38, 48).
To our knowledge, a DNA microarray specifically designed to target deletions within PE/PPE genes and whose specificity was addressed has never been reported. In this study, we describe an optimized oligonucleotide-based microarray protocol aimed at detecting large sequence polymorphisms (LSPs) within PE/PPE genes, encompassing nearly the entire collection of known members. The microarray-derived signals provided reasonable specificity and sensitivity levels and allowed the mapping of numerous PE/PPE-associated deletions that were confirmed by nucleotide sequencing. Overall, the findings provide evidence for the frequent occurrence of homologous recombination within and between PE/PPE genes, thereby significantly contributing to their own diversification as a putative source of antigenic variability and host adaptation.
MATERIALS AND METHODS
Mycobacterial strains and DNA extraction. For optimization of the 50-mer oligonucleotide-based microarray, we used a Mycobacterium bovis bacillus Calmette Guérin (BCG) isolate recovered from the lymph node of a Tunisian patient as well as two sequenced M. tuberculosis strains, H37Rv and CDC1551, and a Brazilian clinical M. tuberculosis strain (318/02). The latter harbors a large genomic deletion (RD Rio ) involving two PPE genes (PPE55 and PPE56) (31) . Thirty-three Tunisian M. tuberculosis isolates representative of the major circulating genotypes (37) , originating from three regions in the north of the country, were used to detect LSPs in PE/PPE genes and to assess the sensitivity and specificity of the microarray. The list and characteristics of the M. tuberculosis isolates are presented in Table 1 . Mycobacterial strains were cultured in slanted culture tubes on Löwenstein-Jensen medium according to standard protocols.
All bacterial cells from one slant were transferred to 400 l of TE buffer (0.01 M Tris-HCl, 0.001 M EDTA, pH 8) and inactivated by incubating the solution at 95°C for 30 min. Whole genomic DNA was then extracted by using a standard phenol-chloroform extraction procedure (50) .
Oligonucleotides. A preliminary list of 194 50-mer oligonucleotides was selected from full-length PE/PPE gene sequences of Mycobacterium spp. The oligonucleotides were selected using the public domain software OligoPicker (53) . All oligonucleotides were selected from an input file made from the known list of PE/PPE genes present in M. tuberculosis, M. bovis, and Mycobacterium avium subsp. paratuberculosis. The parameters used were a maximum continuous match to nontarget sequences of 16 nucleotides and a range of melting temperatures of 10°C. Oligonucleotides were tested by BLAST analysis through the TubercuList (http://genolist.pasteur.fr/TubercuList/index.html) or BoviList (http://genolist.pasteur.fr/BoviList/index.html) site, and those that showed more than 50% sequence identity with another genomic location were discarded. Among the latter selected oligonucleotides, those that failed to discriminate between the test strains H37Rv, CDC1551, and M. bovis were eliminated. The finalized list contained 172 oligoprobes, whose nucleotide sequences and targeted genes are available upon request.
Construction of the microarray. The selected 50-base oligonucleotides were purchased from a commercial supplier (IDT, Coralville, IA). They were printed on Corning Ultra GAPS slides (Corning Canada, Whitby, Ontario, Canada), using a commercially available Bio-Rad Versarray Pro robotics array printer at the microarray laboratory of the Biotechnology Research Institute, National Research Council of Canada, Montreal, Quebec, Canada.
Labeling of genomic DNA. DNA was labeled using a random primer linear amplification method (BioPrime DNA labeling system; Invitrogen), replacing biotinylated dCTP incorporation with Cy5 fluorophore-tagged dCTP incorporation. Frequency of incorporation was targeted at 10 to 12 units/10 3 bases. Hybridization of labeled genomic DNA. Two 50-mer microarrays constructed as described above were probed with mycobacterial labeled genomic DNA. Hybridization under highly stringent conditions was effected for the second array at 50°C overnight with a Slidebooster hybridization station (Advalvtixs SB800; The GelCompany, San Francisco, CA). Microarray scans were performed using a Canberra-Packard ScanArray Lite laser. Power output and photomultiplier gain of the microarray scanner were adjusted according to the signal available. For both hybridization conditions, the scan was taken with the same scanner and the same laser and photomultiplier tube settings. Numerically extracted hybridization data (Imagene8.0) were converted to values representing the change over background per spot. Binary scores were set with a threshold of 4ϫ over background, whereby scores of Ն4.0 were set at 1 and scores of Ͻ4.0 were set at 0. Phylogenetic reconstruction. The microarray data were converted to binary scores (positive hybridization signal ϭ 1 and absence of hybridization ϭ 0) and analyzed by GeneCluster 3.0 (Eisn Lab [freeware]), using the hierarchical clustering on genes (similarity metric/correlation [uncentered]) with complete linkage method. Resulting clustered data were visualized using JavaTreeView.
Confirmation of deletions by PCR. Confirmatory analyses of the presence or absence of deletions were performed by PCR amplification using primer pairs placed at different distances upstream and downstream of the probe. Functional primer pairs targeting the variable regions are listed in Table S1 in the supplemental material. The PCR amplification reaction mixture contained 2 l of template genomic DNA (about 20 ng), 5 l of 10ϫ buffer (Qiagen), 5 l of dimethyl sulfoxide, 1 l of 10 mM nucleotide mix (Amersham Biosciences), 2 l of each primer (20 M stock concentration), 0.25 l (1.25 U) of HotStar Taq DNA polymerase (Qiagen), and sterile nuclease-free water (Amersham Biosciences) to a 50-l total reaction volume. Cycling was carried out in a PXE 0.2 thermal cycler (Thermo Electron Corporation), with an initial denaturation step of 10 min at 96°C, followed by 35 cycles consisting of 1 min at 95°C, 1 min at 60°C, and 2 min at 72°C. The amplification ended with a final elongation step of 7 min at 72°C.
Sequencing of deletion junction regions. Amplicons with a reduced size, suggestive of a true deletion, as well as those with a typical mobility pattern were subjected to nucleotide sequencing to determine, to the base pair, the junction regions of the deletion and to check for the presence or absence of mutations. This was done for all the tested isolates in order to confirm whether shared deletions were identical.
Amplicons were subjected to sequencing after treatment with exonuclease I (Amersham Biosciences) and shrimp alkaline phosphatase (Amersham Biosciences). The reaction mixture consisted of 1.5 l of BigDye Terminator cycle sequencing reagents, 4 l of BigDye Terminator cycle sequencing buffer, 1 l of primers (20 M) , and sufficient ultrapure distilled DNase-and RNase-free water (Gibco/Invitrogen) to make a 20-l reaction mixture. Cycle sequencing was performed using a PXE 0.2 thermal cycler (Thermo Electron Corporation) programmed for 25 cycles at 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. The template DNA was ethanol precipitated, washed, and subjected to automated sequencing on an ABI Prism 3130 genetic analyzer according to the manufacturer's protocol.
RESULTS
Design and optimization of DNA microarray protocol. All PPE genes, except for two (n ϭ 66), and all PE genes, except for five (n ϭ 94), were represented in the microarray. The two PPE and five PE genes for which specific probes (according to our selection criteria) could not be identified are Rv3022c (PPE48), Rv3125c (PPE49), Rv2408 (PE24), Rv2126c (PE_P-GRS37), Rv0978c (PE_PGRS17), Rv2591 (PE_PGRS44), and Rv3018A (PE27A). There was no significant variability within these individual genes which allowed the identification of any region large enough for design of a specific probe. Because each PE/PPE gene is represented by a single oligonucleotide, our analysis could thus mainly detect LSPs.
Hybridization of the microarray under normal conditions (42°C in DIG Easy Hyb buffer overnight in a Slidebooster hybridization station) resulted in a large number of crosshybridizations (data not shown). This was expected given the high GC content and repetitiveness of PE/PPE sequences.
Hence, we varied the hybridization parameters and found that optimal conditions consisted of a hybridization temperature of 50°C overnight (in DIG Easy Hyb buffer in a Slidebooster staion) in the presence of formamide, salmon sperm singlestranded DNA, and purified GC-rich genomic DNA from Methylobacterium extorquens. Under such highly stringent conditions, all shared and strain-specific PE/PPE genes were efficiently detected, and all of the known LSPs in PE/PPE genes in H37Rv (genes Mb3184c and Mb2376c, according to the M. bovis annotation), CDC5151 (the PPE54, PPE57, and PPE58 genes, according to the M. tuberculosis H37Rv annotation), and the Brazilian RD Rio -containing deletion strain (genes PPE55 and PPE56, according to the M. tuberculosis H37Rv annotation) were unambiguously revealed (Fig. 1) . Confirmation of the efficiency of the microarray was provided by the BCG strain, which showed no hybridization signal with 13 deleted or truncated PE/PPE genes (PE32, PE35, PE_ PGRS35, PPE38, PPE39, PPE40, PPE54, PPE57, PPE58, PPE65, PPE66, PPE67, and PPE68) (6, 10, 11, 24) .
Genomic interrogation of a set of clinical M. tuberculosis isolates, using the PE/PPE-specific oligonucleotide-based microarray. Using the aforementioned optimized hybridization conditions, we next searched for the occurrence of LSPs in PE/PPE genes throughout a set of 33 clinical isolates representative of the prevalent M. tuberculosis spoligotype strain families circulating in Tunisia (12, 37) (Table 1) . Overall, based on the hybridization pattern of the microarray, 23 probes were considered informative, since each yielded at least one instance where no hybridization signal was detected with one strain from the M. tuberculosis clinical isolate collection (33 isolates). Among the 759 signals emitted by these 23 informative probes, there were 747 correct results (based on PCR as the gold standard) versus 12 false or ambiguous results (8 were falsenegative results, 1 was a false-positive result, and 3 were ambiguous) (Fig. 2) . Using a conservative approach of counting the three ambiguous results as false, the hybridization results showed a specificity of 96.2% and a sensitivity of 98.7%.
Six LSPs, designated LSP Tun1 to LSP Tun6 , were identified ( Table 2) . We were successful in characterizing four of them (LSP Tun2 , LSP Tun4 , LSP Tun5 , and LSP Tun6 ), and they were PCR amplified for sequence analysis (see below). The junction regions of the two remaining deletions (LSP Tun1 and LSP Tun3 ) could not be PCR amplified, even though several attempts were made using different primer pairs. Since these LSPs were unambiguously shared by several isolates (Fig. 2 and Table 3 ), they were considered true deletions. Moreover, deletions that map to these regions have been reported previously (36, 48) . The presence or absence of LSPs was further confirmed by PCR amplification. Overall, the identified deletions comprised two PE genes (PE18 and the PE_PGRS gene wag-22) and seven PPE genes (PPE25, PPE26, CDC1551 PPE MT3248, PPE57, PPE58, PPE54, and PPE47).
Mapping the deletion boundaries to the base pair. As mentioned above, only four of the six deletions could be confirmed by PCR amplification of the boundary regions. Primers flanking these deleted regions did indeed yield smaller amplicons than the expected size for all isolates bearing these deletions (data not shown). These were subjected to nucleotide sequence analysis to determine the deletion junctions to the base pair. The deletions varied in size from 2,128 bp to 5,283 bp (Table 2 ). Sequence analysis showed that for each deletion the junction sequences were identical in all isolates in which it occurred, suggesting a common ancestor. LSP Tun2 is a newly uncovered genomic location that has never been reported to have lost any genetic material. In contrast, the deletions mapped to LSP Tun4 , LSP Tun5 , and LSP Tun6 overlapped previously described deletions by between 91% and 95%. However, these three LSP loci were dissimilar at the chimeric gene junctions from those previously described, indicating the occurrence of multiple independent genetic events in their creation, and as such, these loci may be hot spots for deletion. As shown in Fig. 3 , three of the LSPs (LSP Tun2 , LSP Tun4 , and LSP Tun6 ) involved two or more PE/PPE members, even resulting in the in-frame fusion of distant genes (e.g., in the case of LSP Tun2 and LSP Tun6 ). Interestingly, all deletions with confirmed boundaries were found to be flanked, in their original nondeleted wild-type form, by identical or nearly identical sequences of ϳ400 to ϳ500 bp in length ( Fig.  3 ; see Fig. S1 in the supplemental material). In three of the four cases, these homologous flanking regions corresponded nearly exactly to the complete conserved 540-nucleotide Nterminal regions of the PPE genes, indicating an important function for these conserved regions in generating strain variation. This is in contrast to previous suggestions that variation was driven primarily by the C-terminal repetitive regions of these genes. In each deleted region, a single copy of the two identical sequences was found to be present. In addition, all of the deletions maintained the sequence continuity of the two parental genes, leading to a fully functional new gene. These characteristics (deletion through identical flanking sequences and maintenance of sequence integrity) are reminiscent of typical homologous recombination events. Moreover, we could not identify any insertional sequence in the vicinity of the deleted regions, indicating that transposons were not involved in these specific deletion events.
Frequency and distribution of LSPs in the Tunisian M. tuberculosis collection. The LSP Tun3 and LSP Tun4 deletions were the most frequently encountered deletions, occurring in 57.4% and 45.4% of isolates, respectively (Table 3) . LSP Tun3 was shared by most of the strain families, including Haarlem, LAM, and T, but was more associated with Haarlem strains (91.6%). In contrast, LSP Tun4 , the second most frequent deletion shared by these three strain families, was more frequently linked to the LAM family (66.7%). Notably, the reference M. tuberculosis strain H37Rv also contains a deletion that maps to LSP Tun4 (19) . The LSP Tun6 deletion, which maps to the RD6 region, was present in 30% of the strains and tended to occur in LAM and T genotypes. Finally, LSP Tun2 and LSP Tun5 deletions were the least frequent deletions, being associated with ϳ12% and ϳ6.1%, respectively, of the data set (Table 3) . LSP Tun2 was restricted solely to the LAM9 genotype.
DISCUSSION
Although it has been demonstrated clearly in vitro that slowgrowing mycobacteria are not refractory to homologous recombination (2, 3, 5, 7), the occurrence of such events under natural conditions for the Mycobacterium genus as a whole has rarely been documented (30, 31) . We previously provided evidence for a naturally occurring homologous recombination event, namely, gene conversion, involving a PE_PGRS duplicated gene pair (28) . This finding prompted us to further explore the entire PE/PPE gene families in the hope of detecting additional evidence for homologous recombination specific Overall, the results indicated that the developed microarray, combined with the optimized hybridization protocol, offered very high levels of sensitivity and specificity in detecting LSPs. Application of the microarray to a collection of clinical M. tuberculosis isolates representative of prevalent spoligotype strain families identified six LSPs involving PE/PPE genes. Four of these were successfully characterized fully by sequence analysis. All of these characterized deletions start and end within PE/PPE sequences, thus confirming the efficacy of the microarray to solely target PE/PPE genes. All but one PE/PPE deletion occurred within regions previously reported to be polymorphic (6, 19, 21, 29, 38, 48) , consistent with previous studies reporting that genomic deletions in M. tuberculosis tend to aggregate to hot spots that appear to be more vulnerable to deletion (48) . Importantly, further scrutiny of the nucleotide sequence environment upstream and downstream of the four characterized deletions revealed that they were all immediately flanked by a stretch of identical (or nearly identical) sequences. This finding, along with the maintenance of sequence integrity and the absence of mobile elements, confirms our supposition that PE/PPE genes undergo natural recombination between their homologous sequences and supports our previous finding relating to the occurrence of gene conversion within very ho- . Red squares correspond to positive hybridization results, and black squares correspond to negative hybridization results. Squares framed in yellow represent divergent results between PCR and hybridization; in these cases, the PCR result was deemed the correct one and used to build the dendrogram. Squares containing a small yellow circle represent ambiguous hybridization results; in these cases, the PCR result was also deemed correct. The ambiguous hybridization result for PPE58 in RD Rio was not checked by PCR but was considered negative given that the result for PPE57 in RD Rio was clearly negative and that these two genes appear to be highly correlated in our data.
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mologous and adjacent PE genes (28) . Despite the limited number of isolates analyzed and the fact that they are from a geographically confined area, the data suggest that PE/PPEassociated homologous recombination in M. tuberculosis likely occurs more frequently under natural conditions. These findings contrast with the view that homologous recombination is rare in mycobacteria. PE/PPE protein superfamilies are surface exposed and represent putative antigens in mycobacterial virulence and the host immune response (4, 14, 40) . Consequently, the sequence variability mediated by naturally occurring homologous recombination events, as demonstrated in this study, should be considered an effective mechanism contributing to the creation of new antigenic diversity for the host immune response and of new determinants for pathogen virulence. In our prior study, we provided the most direct evidence that in modern-day M. tuberculosis strains, PE genes exchange polymorphic sites flanked by homologous sequences through gene conversion (without a loss of intervening sequences), which ultimately contributes to increasing their diversity and hence their antigenic properties (28) . The current study expands upon this finding and provides examples of inter-and intra-PE/PPE-gene homologous recombination events removing large sequences but, importantly, leading to in-frame gene fusions that now encode putative "new" protein antigens. The relatively high prevalence of LSP Tun3 , LSP Tun4 , and LSP Tun6 strains in a clonal expansion of M. tuberculosis in Tunisia argues that the removal of the intervening genes certainly did not reduce transmissibility and host pathogenicity. It is likely that other, very homologous PE/PPE genes could compensate for the deleted genes. It is also tempting to speculate that the loss of immunodominant PE/PPE genes may increase the bacillus's capability to circumvent the host immune system, thus contributing to its success. Intergenic homologous recombination, like in the case of LSP Tun2 , LSP Tun4 , and LSP Tun6 , not only results in the elimination of the intervening genes and the creation of new recombinant genes but could potentially introduce a dramatic change in the expression pattern of PE/PPE genes, for example, through loss or gain of regulatory elements. Indeed, recombination between distantly positioned PE/PPE genes could bring newly recombined sequences under the control of a heterologous promoter, thus increasing the heterogeneity of expression patterns between different isolates. Such an event could explain the heterogeneity in PE/PPE expression between clinical isolates previously reported by cDNA microarray (20, 51) . LSP Tun5 involved a single gene, PPE54, which is one of the largest PPE genes. The sequence of this gene reveals three identical regions, leaving open the possibility for the occurrence of combinatorial recombination to increase antigenic variability.
Even though deletion in PE/PPE genes seems counterintuitive on first evaluation, the data support the hypothesis that elimination or modification of PE/PPE genes may indeed be a mechanism to enhance the pathogenicity of tubercle bacilli. The relatively increased disease severity of M. tuberculosis strain Erdman compared to that of H37Rv in the rabbit model was attributed mainly to gene differences in the RD6 region, which contains several PPE genes, including the immunodominant PPE57 gene (35, 52, 54 tion. An ESX-5 mutant of Mycobacterium marinum was found to affect bacillus spread to uninfected macrophages (1), and a homologue of the PPE25 gene in M. avium appeared to affect growth in macrophages as well as in mice (33) . To our knowledge, a deletion at this locus has never been reported hitherto, suggesting that it may be deleterious to the survival of the bacillus. The fact that LSP Tun2 deletion was identified in four isolates suggests that bacilli bearing this deletion are not restricted in the ability to survive and to be transmitted, which is surprising given the hypothesized role in virulence of the deleted PPE25 gene. One potential hypothesis and explanation may be the fact that the deletion did not affect the actual genes involved in the formation of the ESX-5 transporter system and that other PE and PPE duplicates from this region may be able to complement for the loss of the PPE25 gene (23) .
To sum up, our microarray analysis disclosed frequent natural homologous recombination within and between PE/PPE genes. Since PE/PPE gene families have been found to be enriched in essential genes and to play critical roles in hostpathogen interactions, such a propensity for recombination could represent an ideal adaptive mechanism that ensures the creation of new recombined variant molecules in response to new selective immune pressure. Moreover, since these multigene families are scattered throughout the whole genomes of M. tuberculosis complex strains, they are expected to contribute to genome plasticity. Future investigation of a larger set of M. tuberculosis samples covering the whole spectrum of strains from all three principal genetic groups (groups 1, 2, and 3), as well as representative of the global distribution of M. tuberculosis strains, is necessary to examine the extent and frequency of LSPs associated with these genes on a global scale. Finally, the increased tendency of PE/PPE genes to recombine is an important observation in terms of subunit vaccine formulation, as these genes are likely to be able to change rapidly in response to selective pressure (27, 42) .
